Neuraminidase (NA) is the major surface protein of the influenza virus. It extracellularly acts by cleaving the terminal neuraminic acid from cellular receptors recognized by the Hemagglutinin. Then, it facilitates the release of newly formed visions from the host cell surface to the neighboring cells, thereby facilitating the spread of the virus. A 150-cavity adjacent to the active conservative site is possessed by the group-1 neuraminidase, thereby rendering conformational change from open to close form when the ligand binds to the enzyme. In the present study, author reported an in silico virtual screening and docking analysis for potential neuraminidase inhibitors of various ligands obtained from the ZINC database using Autodock Vina against the 3TI6 protein. Analysis of 850 screened ligands reveal that five compounds with free binding energies of -11.2, -10.9, -10.4, -10.4, and -10.1 kcal/mol (ZINC03260201, ZINC09153352, ZINC09460395, ZINC13128611, and ZINC20605436, respectively) showed interaction with the protein at the known active site, as well as with the 150-cavity creating a stronger interaction between the ligand and the protein. Furthermore, lower binding energy is exhibited compared with the co-crystallized drug oseltamivir. In silico absorption, distribution, metabolism, and excretion (ADMET) prediction revealed that best compounds show comparative results with oseltamivir. Novel compounds interacting with the 150-cavity were successfully identified using this approach; such compounds could serve as a potential lead compound for developing a new anti-neuraminidase drug.
INTRODUCTION
Influenza A virus is considered a serious health problem because of the annual morbidity and mortality caused by this disease (Couch et al., 1996) . Influenza virus, which belongs to the family of Orthomyxoviridae is subdivided into three different types, namely, A, B, and C. Influenza A and B are considered pathogens to humans, thereby becoming a cause for concern; by contrast, the Type C appears to have no association with any important diseases (Webster et al., 1993; Melagraki et al., 2007) . Two surfaces glycoproteins namely, hemagglutinin (HA) and neuraminidase (NA), are attached to the influenza virus. The role of hemagglutinin is to help the virus attach to and penetrate the host cell via sialic acid (SA) binding sites (Couceiro et al., 1993; Wileyand Skehel, 1987) , whereas the neuraminidase (NA) role is to cleave terminal sialic acid residues between cleaved terminal sialic acid residues.
This finding mainly explained why NA is taken as a drug target for developing agents in influenza drug discovery. Given its role in cleaving SA residues on the cellular receptor, which bind to the newly formed virions, Influenza virus neuraminidase inhibitors (NAIs) have emerged as promising therapeutic agents for the treatment of influenza. Current treatment exists for influenza infections with the newer class of neuraminidase inhibitors, such as zanamivir (Relenza) and oseltamivir (Tamiflu) (Von Itzstein, 2007; Xu et al., 2008) .
Zanamivir and oseltamivir were active against NAs from Groups 1 and 2 Influenza A as well as Influenza B viruses (Collins et al., 2008) . In-silico drug discovery is considered one of the most promising methods used to accelerate the drug development process (Tollman et al., 2001) .
Virtual screening (VS) is a method widely utilized in the field of drug discovery, where a different study showed successful application to find a potent drug (Oprea and Matter, 2008) . In the past few years, many reports showed that the method of VS was successfully used in making qualitative predictions that showed the distinction between the active and inactive compounds against a specific target (Chen, 2008; Chang et al., 2011; Lin et al., 2011) . The VS primarily aims to find an active compound against a particular protein from thousands of compounds present in the databases. Case studies were applied, and they proved that VS played a significant role leading to the discovery of compounds currently in the stage of clinical trial (Melagraki et al., 2007; Gadhe et al., 2010; Goodarzi et al., 2010) . Flexible loop (called 150-loop), as well as a cavity (known as 150-cavity), adjacent to the known conservative active site, are found in the group-1 neuraminidase.
Once this loop and cavity bind with inhibitors, the conformational change from open to close form can be rendered by group-1 NAs, whereas group-2 neuraminidase undertakes a closed form at all times.
By using structural analysis the result showed that neuraminidase group-I (N1, N4, N5 and N8) have additional cavity (150-cavity) compare to the group-II neuramindase. The location of the 150-cavity is adjacent to the main active site, between the two residues 147 and 152 of the 150-loop.
All well-known influenza neuraminidase contain a 150-loop that can be in one of two kinds of conformations: first one an open conformation that leads to form the 150-cavity and the second one a closed conformation, that leads to an active site without a 150-cavity. Considering the fact that changes from open to close form at the active site of group-1 NAs when the inhibitor binding to the enzyme, this encouraging to study the conformational transformation that open insights to find specific inhibitor would be effective against the group-1 NAs that can be used to inhibiting the NAs by the conservative active site as well as 150-cavity, simultaneously (Amro et al., 2011; Li et al., 2010) Different studies reported that all group-I neuraminidases having an open conformation and all group-II neuraminidases have a closed conformation (Xu et al., 2008; Russell et al., 2006) .
In the present study virtual screening has been employed to identify potential neuraminidase inhibitors from ZINC database that could interact with the conservative binding site, as well as the 150-cavity in the N1 group neuraminidase.
MATERIAL AND METHODS

Preparation of receptor for virtual screening
The crystal structure of neuraminidase of influenza A virus in complex with oseltamivir (PDB ID: 3TI6) (Vavricka et al., 2011) , was obtained from Protein Data Bank (www.rcsb.org), the crystal structure consist of two chains (A and B) where chain A was used. The co-factor and water molecules were removed and hydrogen were added using AutoDockTools (ADT).
Ligands screening from ZINC database
The three dimensional structure of 850 ligand molecules were retrieved from ZINC database (Irwin and Shoichet, 2005) in mol2 format, then the ligands converted to pdbqt using raccoon (Forli et al., 2016) to be used for virtual screening with AutoDock Vina.
Molecular docking
The Autodock Vina was used to perform virtual screening, and all the needed file were prepared. The protein converted from pdb to pdbqt using ADT, The size of grid box with dimensional 25, 25, 25 for x, y, z coordinates in Å, where centered on the binding site of the enzyme; the ligand file converted from mol2 to pdbqt using raccoon. Confi.txt file created including all the necessary information needed to conduct the virtual screening. Other configurations were considered default.
Absorption, distribution, metabolism, excretion and toxicity (ADMET)
In this study absorption, distribution, metabolism, excretion and toxicity (ADMET) of the selected compounds were predicted using the ADMET SAR database (Cheng et al., 2012) . This database is known as a knowledge based tool that used for Insilico screening of the ADMET properties for all types of compounds.
RESULTS AND DISCUSSION
Validation of the docking protocol
Before conducting the virtual screening of the selected ligand, control docking was conducted by re-docking the cocrystallized structure of neuraminidase in complex with oseltamivir (PDB:3TI6). The docking results showed that the binding conformation of re-docked oseltamivir reproduced the expected binding mode of the co-crystallized ligand. It showed binding affinity -6.6 kcal/mol, and the root mean square deviation (RMSD) was 1.47, as shownin Figure 1 . 
Analysis of interactions between ligand and receptor
All the 850 ligands chosen from the ZINC database were screened and docked within the binding pocket of the NA using Autodock Vina. Only those compounds with better binding affinities than oseltamivir were chosen. The binding pose of the selected compound was evaluated by comparing their types of interactions, hydrogen bonding, and interaction pattern with those of oseltamivir, as shown in (Table 1) . A study using molecular dynamic simulation reveals that the pandemic 09N1 neuraminidase can exhibit the open 150-cavity conformations (Amaro et al., 2011) .
Figure 2 (a) shows a close view of the oseltamivir inside the binding pocket of the crystal structure of 3TI6. Adjacent to this pocket is the 150-cavity, where the cavity is vacant and no atom from the oseltamivir is attached to it. A comparison was made with the best ligand. Analysis of the interactions between the top ten compounds from ZINC database and the target protein were found to be bonded deeply in the conservative pocket as well as to the adjacent 150-cavity that exhibiting both bonded and non-bonded interaction such as H-bond, van der Waals, hydrophobic, π -alkyl and π -cation, π -π stacked interactions, Details of interactions as bellow.
ZINC03260201 occupying the known binding pocket as well as the 150-cavity (Fig.2 b) . Superimposing of the best 10 compounds showed that all of them interact with amino acids in the 150-cavity (Fig.2c) . The best compounds selected depend on the Lipinski role of five (Lipinski, 2004) , where all the compounds have (i) MW less than 500, (ii) number of hydrogen donor less than 5, (iii) number of hydrogen acceptor less than 10, and (iv) logP less than 5 as shown in (Table 2) . Pro341, Lys432, Arg371 Arg371 9 ZINC30714972 -9.9 Asp151,Arg371,Arg118, Trp406
Trp178,Ser179, Arg224, Arg292
Asp151,Trp178,Asn347 , Ile472, Trp403
Pro341, Lys432, Ile427,
Glu227, Arg152
10 ZINC05637343 -9.9 Asp151,Arg118,Arg371, Tyr406
Trp403, Gly429, Arg430
Arg224, Arg151, Glu227, pro431,Tyr406
Arg224, Lys432, Arg371, Pro341 Glu227 11 Oseltamivir -6.5 Arg118, Arg292, Arg152, Arg371,Glu119
Tyr406, Asp151, Arg224, Glu276, Glu119, Glu227, Ile222, Discovery Studio Visualizer 4.0 software (Accelrys Inc., San Diego, CA) together with Ligplot (Wallace et al., 1995) were used to analyze the detailed interaction of the best compounds that bind well to the active site with bonded and non-bonded interactions. These compounds showed lower binding energy than oseltamivir, thereby indicating a more favorable binding of these ligands at the active site of NA.
Through further investigation of the best compound, author found that the ZINC03260201 showed binding energy -11.2 kcal/mol and formed two conventional H-bond between oxygen of carbonyl groups and Arg371 and another carbon H-bond with Ser370 and Lys432 and Pro431. Pi (π)-cation interaction formed between the benzene ring and the Arg 292, π-alkyl interactions formed between the benzene ring and Ile427 and Lys432 and between pentagonal ring and Pro431. Moreover, Trp403, Ile427, and Lys432 formed π -πstacked interactions. Asn347, Arg118, Asp 151, and Asn249 formed van der Waals interaction (Figure 3 a and b) . Compound ZINC09153352 as second best compounds showed binding energy -10.9 kcal/mol and formed H-bonds between the oxygen in the carboxyl group and three amino acids Arg292, Arg371, and Tyr 406 and carbon H-bond with Glu227.
Arg371 and Arg118 formed three π-cation interaction with the benzene ring and pentagonal ring. Over sixπ-alkyl interactions were formed with Ile 222, Arg 224, Ile 427, Pro 431, Lys 432, and Trp 403. Van der Waals interaction was also shown with the amino acids Trp 178, Arg152, Glu 227, Asp 151, and Thr439 (Figure 4 a andb) . Compound ZINC09460395 showed binding energy -10.4 kcal/mol and formed five conventional H-bonds with Tyr 406, Arg292, Arg118, Asn347, and Arg371 with oxygen in the carboxyl groups and the benzene ring.
Glu227 formed π-cation interaction with the pentagonal ring whereas Arg371 with the benzene ring. Another seven π-Alkyl interactions formed between Ile427, Pro431, Trp 403, Lys 432, Arg224, and Arg 371. Van der Waals interactions also formed with Glu276 and Arg152 ( Figure 5 a and b) .
Compound ZINC13128611 showed a binding energy of -10.4 kcal/mol and a different interaction with amino acids in the binding site. Conventional three hydrogens bonds between tried arginine Arg292, Arg118, Arg371 with the oxygen atom.π-cation formed between Asp151 amino acid and the benzene ring. Arg224, Pro431, Ile427, and Lys432 formed π-alkyl interaction with pentagonal and benzene rings, van der Waals interaction formed with Arh 178, Ser179, Glu227, Arg227, and Asn294 ( Figure 6  a and b) . Compound ZINC20605436 showed binding energy -10.1 kcal/mol and formed three conventional H-bonds with Arg292, Arg224, and Glu227and one carbon H-bond with Arg224. Four π-cation bonds formed with Arg371, Arg118, Asp151, and Glu227,π-alkyl interaction also formed with Ile222, Ile427, Trp403, Lys432, and Arg371. Arg430, Pro431, Glu119, Trp178, and Arg152 formed Van der Waals interaction (Figure 7 a and b) .
Analysis of the virtual screening result showed that the best-selected ligand bound to the important residues in the conservative pocket, as well as with the residues in the 150-cavity Agr430, Thr439, Lys432, Ile427, Pro321, Trp304, Gly429, and Ser370, thereby exhibiting a difference for oseltamivir. The final poses for oseltamivir and the ten best compounds from Figure. 2 b interacted with the same amino acids in the conservative residues in the binding pocket similar to oseltamivir Asp151, Asp152, Arg192, and Arg371 Arg118.
Such finding is a result of the predicted free energy of the binding of these ligands, which interacted in a stronger manner with the target protein compared with oseltamivir. Furthermore, different types of interactions were exhibited by the best ligands. Hydrogen bonds with the tried arginine Arg118, Arg371, and Arg292 are important interactions in the conservative pocket, where most of the ligands form H-bonds with the same amino acids (Russell et al., 2006) . Hydrophobic and Van der Waals interactions also formed between the best ligands and the amino acid in the binding pocket Trp178, Tyr406, Lys432, Glu227, Trp406, Asn347, and Tyr403 and with the 150-cavity. Additional interactions, such as π-alkyl and π-cation with important residues, were exhibited only by the best ligands, oseltamivir failed to show any of these interactions. The mentioned interaction between the best ligands with the NA showed that the attachment of the compounds extended to the region of 150-cavity, thereby enhancing the binding affinity with the active site. From the above mentioned observations, all the interactions created by the best compounds formed a stable complex between these compounds and NA active site and exhibited lower binding energy and expected strong inhibition in vitro.
ADME/T studies
Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) are important parameters for examining the drug-like properties of the molecules (Table 3) . Depending on the virtual screening result, top ten potential ligands were submitted to the ADMET SAR web-server to generate an in silico pharmacokinetic parameter and determine the ADMET properties. All the selected ligands followed the Lipinski's rule of five. Considering this criterion, all the ligands are considered drug candidates for further ADMET study, with oseltamivir as the reference. The predicted ADMET descriptors include Caco-2 permeability, human intestinal absorption, blood brain barrier (BBB) penetration, P-glycoprotein substrate and inhibitor, CYP450 substrate and inhibitor, AMES mutagenicity, and carcinogens.
The absorption properties BBB, human intestinal absorption (HIA), and Caco-2 permeability demonstrating positive results confirm that all the compounds have no side effects on the absorption. For metabolism, most of the compound non-substrates for CYP450 2D6, except ZINC09153352, act as a substrate for CYP450 3A4; all the ligand substrates, together with oseltamivir, except ZINC20605436, were non-substrates; all the ligands are predicted as non-inhibitors for CYP450 2D6, except ZINC09153352. Furthermore, CYP450 3A4 is predicted as an inhibitor compared with oseltamivir, which is predicted as a noninhibitor. Under toxic conditions, all the ligands are non-AMES toxic and non-carcinogenic, except ZINC03260201, which was AMES toxic. 
CONCLUSION
In the process of drug discovery, the method of virtual screening is used to reduce the time and cost. In this study, virtual screening was utilized to find better inhibitors from the ZINC database than the existing drug oseltamivir. These selected ligands were docked to the binding pocket of NA, where different types of interactions formed with the important amino acids in the conservative active site as well as the 150-cavity. These ligands showed binding affinities stronger than oseltamivir, with the best ligands having the capacity to accommodate the 150-cavity. Analysis of the molecular interactions for the best ligands reveals that ZINC03260201, ZINC09153352, ZINC09460395, ZINC13128611, and ZINC20605436have favorable interactions with the important amino acids at the binding site, as well as with the150-cavity of the neuraminidase enzyme compared with oseltamivir, which only binds to the conservative binding pocket. The top docking hits ZINC03260201, ZINC09153352, ZINC09460395, ZINC13128611, ZINC20605436 resulting from this study does not violate the Lipinski role of five that can be taken as an orally active drug. In-silico ADMET studies further evaluating the ligands reveal that the best ligands have comparable pharmacological parameters to oseltamivir. The best ligands showed non-carcinogenic and non-toxic qualities, except one ligand showing AMES toxic. From ADMET study, valuable information could help improve the structure of the compounds as a drug candidate.
Therefore, this study shows the importance of this hypothesis in the screening of small molecule libraries, and the best compound could be used as a drug candidate and act as potent NA inhibitors.
